We consider an extension of the MSSM with anomaly mediation as the only source of supersymmetry-breaking, and the tachyonic slepton problem solved by a gauged U(1) symmetry. The extra gauge symmetry is broken at high energies in a manner preserving supersymmetry, while also introducing both the see-saw mechanism for neutrino masses, and the Higgs µ-term. We call the model sAMSB (strictly anomaly mediated supersymmetry breaking. We present typical spectra for the model and compare them with those from so-called minimal anomaly mediated supersymmetry breaking. We find a SM-like Higgs of mass 125 GeV with a gravitino mass of 140 TeV and tan β = 16. However, the muon anomalous magnetic moment is 3σ away from the experimental value. The model naturally produces a period of hybrid inflation, which can exit to a false vacuum characterised by large Higgs vevs, reaching the true ground state after a period of thermal inflation. The scalar spectral index is reduced to approximately 0.975, and the correct abundance of neutralino dark matter can be produced by decays of thermally-produced gravitinos, provided the gravitino mass (and hence the Higgs mass) is high. Naturally light cosmic strings are produced, satisfying bounds from the Cosmic Microwave Background. The complementary pulsar timing and cosmic ray bounds require that strings decay primarily via loops into gravitational waves. Unless the loops are extremely small, the next generation pulsar timing array will rule out or detect the string-derived gravitational radiation background in this model.
Introduction
The SM Higgs-like particle of mass 125GeV recently discovered at the LHC [1, 2] strongly constrains future model building, while recent negative results from both the Tevatron and LHC in searches for sparticles place increasing pressure on models with low energy supersymmetry. Here we explore a specific supersymmetric model in which the low energy spectrum is that of the Minimal Supersymmetric Standard Model (MSSM), but the gauge symmetry is augmented by an extra gauged U(1) symmetry, U(1) , spontaneously broken at high energies in a manner which affects both physics at the supersymmetry breaking scale and physics at high scales characterising inflation and cosmic strings. The broad features of the model are independent of the source of supersymmetry breaking, but if we assume that this source is in fact anomaly mediation (AMSB) [3] - [5] , then there arises an interesting interplay between the low energy physics (and in particular the Higgs µ-term) and the high energy physics involving strings and inflation. Moreover the breaking of U(1) solves the tachyonic slepton problem characteristic of AMSB [5, 6] .
We first presented this specific model in [7] , in a form where we also introduced a Fayet-Iliopoulos (FI) term for the U(1) . Here we concentrate on the minimal formulation when there is no such term 1 . The model implements a form of AMSB which we refer to as strictly anomaly-mediated supersymmetry-breaking (sAMSB), by which we mean that there are no other sources of supersymmetry breaking beside the F-term of the conformal compensator field. As a consequence the soft parameters have an elegant renormalisation group (RG) invariant form. It therefore differs from so-called minimal AMSB(mAMSB), which posits an extra source of supersymmetry-breaking, instead of extra fields, in order to solve the tachyonic slepton problem. Our model is not quite a complete sAMSB implementation, in that it requires an extension to determine the soft parameter associated with the Higgs µ-term.
We begin by describing the symmetries and field content of the model and explaining in detail how the spontaneous breakdown of the U(1) symmetry at a large scale M not only solves the AMSB tachyonic slepton problem, but also generates a Higgs µ term and the see-saw mechanism for neutrino masses. This outcome is achieved by the introduction of three new chiral superfields; S, which is a gauge singlet and a pair of SU(3) ⊗ SU(2) ⊗ U(1) Y singlet fields Φ, Φ which are oppositely charged under U(1) . We then exhibit characteristic sparticle spectra for the model; the calculations involved to obtain these are essentially as described in Refs. [9, 10] , but allowing for a larger gravitino mass. We also discuss the fine-tuning issue raised by this, and compare the results of our model with results from the most popular (but, we will argue, less elegant) version of AMSB, generally called mAMSB. We will see that sAMSB generally keeps sleptons lighter than in mAMSB, which means that the contribution to the muon anomalous magnetic moment a µ ≡ (g µ − 2)/2 is typically higher for a given Higgs mass.
The theory incorporates a natural mechanism for supersymmetric F-term inflation, with the scalar component of S as the inflaton. Previously, we concentrated on a region of parameter space such that inflation ended with a transition to a state with only the U(1) broken. There is, however, an interesting alternative that inflation ends with the development of vevs for the Higgs multiplets, h 1,2 , breaking the electroweak symmetry. A combination of the Higgs fields h 1 · h 2 and the scalar components of the singlet fields φφ is a flat direction, lifted by soft supersymmetry-breaking terms, and the normal low energy electroweak vacuum is achieved after a later period of thermal inflation. Approximately 17 e-foldings of thermal inflation reduce the number of efoldings of high scale inflation, and therefore reduce the spectral index of scalar Cosmic Microwave Background (CMB) fluctuations to about 0.975. This is within about 1σ of the WMAP7 value.
The reheat temperature after this period of thermal inflation is around 10 9 GeV, which means that there is no gravitino problem: gravitinos are very massive, more than 40 TeV, and so decay early enough not to be in conflict with nucleosynthesis. Indeed, the gravitino problem can turn into the gravitino solution for the typical AMSB feature of too low a dark matter density generated at freeze-out: the lightest supersymmetric particle (LSP) is mostly wino and has a relatively high annihilation cross-section. In our model a critical density of LSPs can be generated by gravitino decays, if the gravitino (and hence the LSP) is heavy enough.
The model also has the possibility of baryogenesis via leptogenesis following thermal inflation, with CP violation supplied by the neutrino sector. The field giving mass to right-handed neutrinos has an inflation-scale (10 16 GeV) vacuum expectation value (vev), but if the lightest right-handed neutrino is sufficiently light to be generated at reheating after thermal inflation, a lepton asymmetry can be generated by its out-ofequilibrium decay.
There is a broken U(1) symmetry in the model, and cosmic strings with a 10
16
GeV mass scale are formed, although not until the end of thermal inflation. There is a large Higgs condensate in the core of the string which spreads the string out to a width of order the supersymmetry-breaking scale, and reduces its mass per unit length by well over an order of magnitude. The strings satisfy CMB constraints on the mass per unit length from combined WMAP7 and small-scale observations. Their decays are constrained by pulsar timing observations in the case of gravitational waves and the diffuse γ-ray background in the case of particle production: the latter means that less than about 0.1% of the energy of the strings should end up as particles, and the former puts constraints on the average size of the loops at formation.
The model has the same field content as the F D hybrid inflation model [11, 12] , but different charge assignments and couplings. F D hybrid inflation also has a singlet which is a natural inflaton candidate, but differs in other ways: for example, right-handed neutrinos have electroweak-scale masses, and the gravitino problem is countered by entropy generation.
The model also has the same field content as the B−L model of Refs. [13] , although as explained in section 3, the U(1) symmetry cannot be U(1) B−L in AMSB. It is also closely related to the model of Ref. [14] , in which the fields Φ, Φ are SU(2) R triplets. This also has a flat direction involving the Higgs, although the authors did not pursue its consequences.
To summarise our results: at tan β = 10, sAMSB can accommodate a Higgs mass above 120 GeV for gravitino masses over 80 TeV, while accounting for the discrepancy in a µ between the Standard Model (SM) theory and experiment to within 2σ would have favoured 80 TeV or lower. Larger values of tan β allow a more massive Higgs: for tan β = 16 we find a Higgs mass of 125 GeV for a gravitino mass of 140 TeV.
sAMSB also allows for an observationally consistent dark matter density, if the gravitino mass is over about 100 TeV, with the dark matter deriving from the decay of gravitinos produced from reheating after thermal inflation. The spectral index of scalar cosmological perturbations is within 1σ of the WMAP7 value, and the observational bounds on cosmic strings can be satisfied if the strings decay into gravitational radiation. The model has also has a natural mechanism for baryogenesis via leptogenesis through the decays of right-handed neutrinos.
are the 3 × 3 Yukawa matrices, and µ h is the superpotential Higgs µ-term. We will see that in our low energy theory, Eq. (2.3) is replaced, in fact, by
where the Y i are charges corresponding to a U(1) symmetry. This kY term corresponds in form to the contribution of an FI D-term, and can be employed to obviate the tachyonic scalar problem characteristic of AMSB. How such a term can be generated (with AMSB) was first discussed in Ref. [5] , and first applied to the MSSM in Ref. [6] . The basic idea was pursed in a number of papers [15] - [19] . For example, Ref. [15] demonstrated explicitly the UV insensitivity of the result, and Ref. [16] emphasised that the tachyonic problem could be solved using a single U(1) rather than a linear combination of two, the approach followed in Ref. [6] . An extension of the MSSM such that the spontaneous breaking of a gauged U(1) with an FI term gave rise to the kY term was written down in Ref. [9] . In [7] we developed an improved version of this model, retaining the possibility of a primordial FI term for U(1) ; here we will dispense with the FI term, and emphasise that we can nevertheless generate the kY term naturally with k of O(m ), by breaking a U(1) symmetry at a large scale, without introducing an explicit FI term.
At first sight Eq. (2.5) resembles the formula for the scalar masses employed in the so-called mAMSB model, where the kY i term is replaced by a universal scalar mass contribution m 2 0 . The differences are as follows:
• The mAMSB involves the introduction of an additional source of supersymmetry breaking independent of the gravitino mass, while, as we shall see, Eq. (2.5) does not.
• The parameter k in Eq. (2.5) turns out to be more constrained than m 2 0 . This is associated with the fact that inevitably all the Y i cannot have the same sign.
• The elegant RG invariance of Eq. (2.1)-Eq. (2.4) is preserved by Eq. (2.5).
It is these observations that prompts us to refer to our model as sAMSB. Note that, of course, we cannot "promote" the mAMSB into the sAMSB by the addition of additional heavier fields which cancel the associated U(1) anomaly; with an unbroken U(1) , any massive chiral multiplets will obviously make no contribution to this anomaly.
Eq. (2.4) is the most general form for m 2 3 that is consistent with RG invariance, as first remarked explicitly in Ref. [9] ; the parameter κ is an arbitrary constant. For discussion of possible origins of m 2 3 from the underlying superconformal calculus formulation of supergravity see Refs. [5, 18, 19] . We will simply assume that the model can be generalised to produce such a term; the procedure which has, in fact, been generally followed. The presence of κ means that in sparticle spectrum calculations one is free to calculate m 2 3 (and the value of the Higgs µ-term, µ h ) by minimising the Higgs potential at the electroweak scale in the usual way. (For κ = 1, which is the value suggested by a straightforward use of the conformal compensator field [5] , one might have hoped to use the minimisation conditions to determine tan β, but it turns out this leads to a very small value of tan β incompatible with gauge unification, because of the correspondingly large top Yukawa coupling [17] ). We will see, however, that in our model the result for µ h has implications for other parameters in the underlying theory which are constrained by cosmological considerations.
The U(1) symmetry
The MSSM (including right-handed neutrinos) admits two independent generation-blind anomaly-free U(1) symmetries. The possible charge assignments are shown in Table 1 . Our model will have, in addition, a pair of MSSM singlet fields Φ, Φ with U(1) charges q Φ,Φ = ±(4q L + 2q E ) and a gauge singlet S. In order to solve the tachyon slepton problem we will need that, for our new gauge symmetry U(1) , the charges q L , q E have the same sign at low energies. As explained in Ref. [10] , however, it is in fact more appropriate to input parameters at high energies, when in fact although necessarily q E > 0, the range of acceptable values of q L includes negative ones; not negative enough, however, to allow U(1) to be U(1) B−L .
Thus sAMSB has three input parameters m3 2 , kq L , kq E , associated with the supersymmetry breaking sector, while mAMSB only has two: m3 2 , m 0 . However, it turns out that because the allowed (q L , q E ) region is so restricted, sAMSB is the more predictive of the two. We will see this explicitly in section 6.
The superpotential and spontaneous U(1) breaking
The complete superpotential for our model is:
where W A is the MSSM superpotential, omitting the Higgs µ-term, and augmented by Yukawa couplings for the right-handed neutrinos, N :
and
where M, λ 1 , λ 3 are real and positive and λ 2 is a symmetric 3 × 3 matrix. The sign of the λ 3 term above is chosen because with our conventions, in the electroweak vacuum where
we have H 1 H 2 → − 
which forbids the remaining gauge invariant renormalisable terms (S 2 , S 3 , ΦΦ and H 1 H 2 ). This R-symmetry also forbids the quartic superpotential terms QQQL and U U DE, which are allowed by the U(1) symmetry, and give rise to dimension 5 operators capable of causing proton decay [20] - [22] . It is easy to see, in fact, that the charges in Eq. (4.5) disallow B-violating operators in the superpotential of arbitrary dimension. Of course this R-symmetry is broken by the soft supersymmetry breaking.
The Higgs potential
In this section we discuss the spontaneous breaking of the U(1) symmetry and its consequences. We shall assume M is much larger than the scale of supersymmetrybreaking. (Such a large tadpole term has been disfavoured in the past; moreover it has been argued that it would generally be expected to lead to a large vev s , but as we shall see this does not happen in our model.) It is then clear from the form of the superpotential W B as given in Eq. (4.3) that for an extremum that is supersymmetric (when we neglect supersymmetry-breaking) we will require non-zero vevs for φ, φ and/or h 1,2 (in order to obtain F S = 0). The existence of competing vacua of this nature was noted in by Dvali et al in Ref. [14] ; their model differs from ours in choice of gauge group (they have SU (3
Let us consider these two possibilities in turn.
The φ, φ, s extremum
Retaining for the moment only the scalar fields φ, φ, s (the scalar component of their upper case counterpart superfields) we write the scalar potential:
Here, as well as soft terms dictated by Eqs. (2.2),(2.3), we also introduce a soft breaking term linear in s. (In fact, according to Ref. [23] , for a nonvanishing RG invariant form of ρ we would require a quadratic term in s in the superpotential, which in fact we do not have. We nevertheless consider the possible impact of a ρ term, but will presently assume it is small, even if non-zero).
The potential depends on two explicit mass parameters, the gravitino mass m3 2 and M . Let us establish its minimum. Supposing, however, that the φ, φ, s extremum is indeed the relevant one, we obtain the Higgs µ-term
One might think that since v s is naturally determined above to be associated with the susy breaking scale (rather than the U(1) breaking scale) it would be necessary to minimise the whole Higgs potential (including h 1,2 ) in order to determine it. But if we retain, for example, the m 
/M
2 ). Similarly, the Higgs vevs responsible for electroweak symmetry breaking do not affect Eqs. (5.9),(5.13) to an appreciable extent. In Ref. [7] , we naively estimated
, concluding that µ h would be at most O(GeV) rather than O(100GeV). The improved formula Eq. (5.13) changes this conclusion.
If we neglect terms of O(m3 
For large M , all trace of the U(1) in the effective low energy Lagrangian disappears, except for contributions to the masses of the matter fields, arising from the U(1) Dterm, which are naturally of the same order as the AMSB ones. Evidently S also gets a large supersymmetric mass, as does the N triplet, thus naturally implementing the see-saw mechanism. The generation of an appropriate µ-term via the vev of a singlet is reminiscent of the NMSSM (for a review of and references for the NMSSM see Ref. [24] ). We stress, however, that our model differs in a crucial way from the NMSSM, in that the low energy spectrum is precisely that of the MSSM.
It is easy to show by substituting Eq. (5.8) back into the potential, Eq. (5.1) that the contribution to the slepton masses arising from the U(1) term which resolves the tachyonic slepton problem is given by
with corresponding contributions for the other scalar MSSM fields proportional to their U(1) charges. Now
where (at one loop)
and we have for simplicity taken λ 2 to be diagonal.
Let us consider what sort of values of δm 2 l,e we require. In this context it is interesting to compare Fig. 1 of Ref. [9] with Fig. 1 of Ref. [10] . In both references, (L, e) correspond to our (δm 2 l , δm 2 e ) respectively. In the former case the scalar masses are calculated at low energies, whereas in the latter they are calculated at gauge unification and then run down to the electroweak scale. This is why the allowed (L, e) regions are different in the two cases. Since we are assuming M is large, it is clear that the latter are more relevant to our situation. From Fig. 1 Notice that δm 2 e must necessarily be positive. So, if we assume that the one-loop β λ 2 is dominated by its gauge contribution, consistent with our previous assumption that |q Φ g | |λ 1,2,3 |, we obtain
Now q Φ = 4q L + 2q E , so we see that it is easy to obtain the correct sign for δm 2 e . For q L = 0, we find
Of course with q L = 0, we have δm 2 l = 0; but as describe earlier, it was shown in Ref. [10] that acceptable slepton masses nevertheless result when we run down to low energies. Clearly there are similar contributions to the masses of the other matter fields similar to Eq. (5.18), thus for example
In the notation of Ref. [10] , Eq. (5.18), for example, is simply replaced by δm 2 l = Lk and δm 2 e = ek with (L, e) replacing q L,E , and all results presented for k = 1(TeV) 2 . We emphasise once again the contrast between our model and conventional versions of the NMSSM, which does not, in basic form, contain an extra gauged U(1), but where a vev (of the scale of supersymmetry breaking) for the gauge singlet s generates a Higgs µ-term in much the same way, as is done here. However, while in the NMSSM case the s fields are very much part of the Higgs spectrum, here, in spite of the comparatively small s-vev, the s-quanta obtain large supersymmetric masses and are decoupled from the low energy physics, which becomes simply that of the MSSM. Another nice feature is the natural emergence of the see-saw mechanism via the spontaneous breaking of the U(1) . Evidently it will be feasible to associate the U(1) breaking scale given by Eq. (5.7) with the scale of gauge unification.
Although, as indicated above, we will be regarding M as source of significant physics, it is worth briefly considering the limit M → ∞. In that limit, the theory becomes simply the MSSM (including the Higgs µ h -term) with the soft breaking terms given in Eq. (2.1)-Eq. (2.3) including the additional kY term, which resolves the tachyon problem. The explicit form of the terms proportional to the gravitino mass in these equations is easily derived using the conformal compensator field as described in Ref. [5] . Of course, although the resulting kY term in Eq. (2.3) has the form of an FI term, in the effective theory (for M → ∞) U (1) is not gauged and so we do not fall foul of the strictures of Ref. [8] . The conformal compensator field does not provide us with a straightforward derivation of Eq. (2.4); as described earlier, we will, like most previous authors, rely on the electroweak minimisation process to determine the Higgs B-term.
The
We now consider the scalar potential
In Eq. (5.22) we have written the U (1) Y gauge coupling as g 1 , although its normalisation corresponds to the usual SM convention, not that appropriate for SU(5) unification. This is to avoid confusion with the U(1) coupling, g . We see that the potential is very similar to Eq. (5.1), the main difference being the presence of SU(2) and U (1) Y D-terms. To leading order in M , only the SU(2) D-term depends on the relative direction in SU(2)-space of the two doublets; it follows that we can choose without loss of generality to set h 1 = (v 1 / √ 2, 0) and h 2 = (0, v 2 / √ 2), as in electroweak breaking, in order to obtain zero for the SU(2) D-term for v 1 = v 2 . Minimisation of the potential then proceeds in a similar way to the previous section (with the replacement λ 1 → λ 3 ) leading to
at the extremum. Here
Let us compare the result for V h with that obtained for V φ , in the previous section, Eq. (5.12). If we assume that the g terms dominate throughout we obtain simply
where we have written the one loop g β-function as
The coefficient Q is in general large, and larger than both q 2 Φ and q
, so the condition for the φ, φ, s extremum to have a lower energy than the h 1 , h 2 , s one may be written
Alternatively, for the specific choice q L = 0, which we will see in the next section leads to an acceptable electro-weak vacuum, we find that the same condition becomes [25] . We will also wish to remain consistent with the negative results of recent LHC supersymmetry searches, see for example Refs. [26, 27] .
We use the methodology of Ref. [10] , which, as explained in Section 2, can also be applied to mAMSB by replacing the characteristic (L, e) FI-type terms of sAMSB by a universal mass term m 2 0 . We begin by choosing input values for m3 2 , tan β, L, e and sign µ h at the gauge unification scale M X . Then we calculate the appropriate dimensionless coupling input values at the scale M Z by an iterative procedure involving the sparticle spectrum, and the loop corrections to α 1···3 , m t , m b and m τ , as described in Ref. [28] . We define gauge unification by the meeting point of α 1 and α 2 ; this scale, of around 10
16 GeV, we assume to be equal or close to the scale of U (1) breaking. For the top quark pole mass we use m t = 172.9GeV. All calculations are done in the approximation that we retain only third generation Yukawa couplings, λ t,b,τ ; thus the squarks and sleptons of the second generation are degenerate with the corresponding ones of the first generation.
We then determine a given sparticle pole mass by running the dimensionless couplings up to a certain scale chosen (by iteration) to be equal to the pole mass itself, and then implementing full one-loop corrections from Ref. [28] , and two-loop corrections to the top quark mass [29] . We use two-loop anomalous dimensions and β-functions throughout.
Mass spectra in sAMSB
We display some examples of spectra in Tables 2-5 . In each Table, the columns are for different gravitino masses, all with L = 0 with e increasing with increasing gravitino mass so as to remain within the allowed (L, e) region; obviously e scales like m from Eq. (5.18). (As already indicated, we input (L, e) at M X , so the allowed (L, e) region corresponds to that in Ref. [10] rather than that in Ref. [9] ). In Tables 2,4 in order for the electro-weak vacuum to exist. We shall return to this formula when we have discussed the cosmological constraints.
In Tables 2, 3 we have tan β = 10, whereas in Table 4 ,5 we have tan β = 16. Increasing tan β generally leads to a slight increase in the light Higgs mass m h , and in the Table 5 case a much larger decrease in the heavy Higgs masses; this decrease is a signal of the fact that (for given m3 2 , L, e) there is an upper limit on tan β; above that limit, the electroweak vacuum fails.
Increasing the scale of supersymmetry breaking (by increasing m3
2 ) will, generally speaking, allow us to remain compatible with the more stringent limits on BSM physics emerging from LHC searches and B-decay. Recent LHC publications on supersymmetry searches (see for example Refs. [26, 27] ) tend to focus on sparticle spectra which are not compatible with AMSB; but it seems clear that for m3 2 60TeV or so, our model is not (yet) ruled out. One search result that explicitly targets anomaly mediation is that of Ref. [30]; this sets a lower limit on the wino mass of 92GeV, which in sAMSB would correspond to m3 2 28TeV. Increasing m3 2 so as to reduce squark/gluino production will, however, reduce the supersymmetric contribution to the muon anomalous magnetic moment a µ , and hence the opportunity to account for the existing discrepancy between theory and experiment. But it is a feature of AMSB, and in particular sAMSB, that the sleptons are comparatively light compared to the gluino and squarks. Therefore it turns out to be possible to combine heavier coloured states with sleptons and electro-weak gauginos still light enough to contribute appreciably to a µ . We demonstrate this by including in the tables the result for the supersymmetric contribution to a µ . For m3 2 = 60TeV, the result is manifestly compatible with the afore-mentioned discrepancy.
2
Notice that increasing m3 2 so as to increase m h to bring it closer to the recent announcement of evidence [1, 2] for a SM-like Higgs in the region of 125GeV can be done, but at the cost of reducing δa µ ; see the last column in Tables 4, 5 . It also increases the degree of fine-tuning, as we shall discuss presently.
We can also increase δa µ by choosing (L, e) closer to one of the boundaries of the allowed region corresponding to either the charged slepton doublets or singlets becoming too light; but the effect of doing this is limited in that the gaugino masses are not sensitive to (L, e). The bottom line is that with tan β = 10, to account for the Table 2 : sAMSB mass spectra (in GeV), and δa µ for m t = 172.9GeV and tan β = 10
whole of δa exp µ we need a light higgs mass of around 115−120GeV. Increasing tan β also leads to larger δa µ , but also a smaller charged Higgs mass, and a potentially over-large contribution to the branching ratio B → X s γ. This effect is particularly noticeable in Table 4 , where the heavy Higgs masses actually decrease as m3 2 is increased. We will return to this issue in Section 6.3.
As in most versions of AMSB, the LSP is mostly neutral wino, with the charged wino a few hundred MeV heavier. Table 3 : sAMSB mass spectra (in GeV), and δa µ for m t = 172.9GeV and tan β = 10
Comparison with mAMSB
It is interesting to compare the sAMSB spectra presented in Tables 2-5 with some mAMSB spectra. In Table 6 we present results for m3 2 = 60TeV, for different values of m 0 . The second column of this table corresponds to the Benchmark Point mAMSB1.3 of Ref. [33] ; our results for the masses agree reasonably well with those presented there: for example, the gluino masses differ by 2%, and the lightest third generation squarks by 1%. They are also not inconsistent with those of Ref. [34] , who quote an upper limit for m h of 120.4GeV; note that there the parameter scan is restricted to m 0 < 2TeV. For a Table 4 : sAMSB mass spectra (in GeV), and δa µ for m t = 172.9GeV and tan β = 16
detailed comparison of mAMSB results with recent LHC data see Ref. [35] . We see that by increasing m 0 , we can eventually make all the squarks heavier than the the gluino; this is not possible in sAMSB, because increasing L and e soon leads to loss of the electro-weak vacuum. We will discuss this fact in more detail in Section 6.3.
In Table 7 we present the corresponding results for m3 2 = 140TeV. Note the (comparitively) light sleptons in column 2 of this Table; these occur because for these values the m 2 0 contribution to the slepton (masses) 2 almost cancels the (negative) m one. (We do not give results in Table 7 for m 0 = 450GeV, because in that case there are still tachyonic sleptons). This is analagous to being close to a boundary in the allowed (L, e) space in the sAMSB case, and, as there, does not in itself result in a large δa µ , because the wino masses are unaffected. Moreover, away from the (L, e) boundary (in sAMSB) the slepton masses remain relatively small, whereas for fixed m3
2
, increasing m 0 (in mAMSB) leads rapidly to larger slepton masses.
It is interesting that in mAMSB, increasing m 0 (for fixed m3
2 ) leads to a slight decrease in µ h , and a consequent slight decrease in the masses of the heavy neutralinos and chargino. Note also that the supersymmetric contribution to a µ is compatible with δa exp µ for m 0 = 450GeV, in Table 6 , but decreases rapidly as m 0 increases. If we increase m3 2 to 140TeV as in Table 7 , we are able to obtain m h = 125GeV, but, as in sAMSB at the price of a small contribution to δa µ .
Fine tuning
Noting that as m3 2 is increased we find that µ h increases, we should comment on the issue of the fine-tuning required to produce the electro-weak scale. From the well-known tree level relation Table 7 : mAMSB mass spectra (in GeV), and δa µ for m 3 2 = 140TeV, m t = 172.9GeV and tan β = 16 we see that unless |m
| then, for typical values of tan β, we have
which since generically |m h 2 | M Z represents a fine tuning, sometimes called the "little hierarchy" problem.
One might have hoped, since q H 2 = q L + q E > 0, to reduce |m 
and it is apparent from Eq. (5.21) that the overall effect of increasing q L + q E actually decreases m 2 A . For example, if we use m3 2 = 80TeV and (L, e) = (0, 1.2), then we find that m A is sharply reduced to 295GeV while µ h changes only to 980GeV. A small further increase in e takes m A rapidly to zero. A similar outcome is the result of increasing tan β. For example, with m3 2 = 80TeV and (L, e) = (0, 1), as in the fourth column of Table 2 , µ h decreases with increasing tan β but m A decreases more sharply. For tan β = 19, we find µ h = 1025GeV, but m A = 207GeV, and for tan β = 20, m Table 2 , we find that the maximum value of tan β is tan β = 17, with m h = 124GeV and m A = 309GeV, and δa µ = 7.9 × 10 −10 . Note that δa µ increases as tan β increases; however, in Table 4 , the concomitant decrease in the Higgs masses (in particular the charged Higgs mass) leads to an increased supersymmetric contribution to the branching ratio for B → X s γ, and potential conflict with experiment. See Figure 4 of Ref. [36] . This problem is avoided in Table 5 ; but with m3 2 large enough to produce m h = 125GeV, there is no region in (L, e) space permitting a tan β large enough to generate δa µ ≈ 20 − 30 × 10 −10 .
Within the context of our model we see no clean way to avoid the fine-tuning problem. It is interesting to note that with the alternative GUT-compatible assignment considered in Section 5 of Ref. [10] , L + e can be increased if desired (see Fig. 2 of that reference). However in that case we have q H 1 = −e − L and q H 2 = −2e, so increasing L + e does not reduce |m 
Cosmological history 7.1 F-term inflation
As detailed in a previous paper [7] , the theory naturally produces F-term inflation [37] - [39] , with the singlet scalar s as the inflaton. In this paper we are assuming that the FI-term vanishes, which considerably simplifies the radiative corrections driving the evolution of s during inflation. We also assume that the quartic term in s in the Kähler potential is negligible. The relevant terms in the tree potential are
where we have used qΦ = −q Φ , q H 2 = −q H 1 arising from the anomaly cancellation and gauge invariance conditions. The AMSB soft terms V soft are the sum of those appearing in Eqs. (5.1), (5.22) , and are all suppressed by at least one power of m3 2 , which we are assuming to be much less than M . The most important soft term is the linear one, which we are assuming is absent or at least small (see the discussion following Eq. 5.1).
At large s and vanishing φ, φ, h 1 and h 2 , and neglecting soft terms, we have
where ∆V 1 represents the one-loop corrections, given as usual by
In the absence of the FI term, ∆V is in fact dominated by the Φ, Φ and H 1,2 subsystems, and the contribution to the one-loop scalar potential is [7] With the parameterisation (7.6), the scalar and tensor power spectra P s , P t and the scalar spectral index n s generated N e-foldings before the end of inflation are
10)
The WMAP7 best-fit values for P s (k 0 ) and n s at k = k 0 = 0.002 hMpc −1 in the standard ΛCDM model are [40] P s (k 0 ) = (2.43 ± 0.11) × 10 −9 , n s = 0.963 ± 0.012(68%CL), (7.12) which correspond to
There is an approximately 2σ discrepancy with the standard Hot Big Bang result N k 0 55 + ln(T rh /10 15 GeV). We will see later how this is ameliorated by N θ 17 e-foldings of thermal inflation, reducing the discrepancy to approximately 1σ.
If λ 3 > λ 1 , inflation ends at the critical value s At first sight this rules out this latter possibility and in [7] we did not explore it. However, we saw in Section 5 that the condition for the correct (small Higgs vev) electroweak vacuum to have the lowest energy density (5.29) is slightly less restrictive than the condition for inflation to exit to the φ-φ direction, and that there is a range of parameters
for which the universe exits to the false high Higgs vev h-vacuum. It then should evolve to the true ground state: in this section we will see that this evolution leads to a very interesting cosmological history, with some distinctive features.
Reheating
If inflation exits to the h-vacuum the symmetry-breaking is 15) where the U (1) is generated by the linear combination of hypercharge and U(1) generators which leaves the Higgses invariant:
Topologically, the symmetry-breaking is the same as in the Standard Model, and hence cosmic strings are not formed at this transition.
Reheating after hybrid inflation [41] is expected in our model to be very rapid, as the non-perturbative field interactions of the scalars with fermions [42] and with gauge fields [43] are very efficient at transferring energy out of the zero-momentum modes of the fields s, h 1 and h 2 . Higgs modes decay rapidly into b quarks, leading to the universe regaining a relativistic equation of state in much less than a Hubble time. Hence the universe thermalises at a temperature T rh M .
One notices that before thermal effects and soft terms are taken into account, the minimum of the scalar potential is determined by the requirement that both the F-and D-terms vanish. The vanishing of the D-terms ensures that |φ| = |φ|, |h 1 | = |h 2 | and h † 1 h 2 = 0, while the vanishing of the F-term is assured by λ 1 φφ − λ 3 h 1 h 2 = M 2 . The minimum can therefore be parametrized by an SU(2) gauge transformation and angles χ, ϕ defined by
The ϕ angle can always be removed by a U(1) gauge transformation, so the physical flat direction just maps out the interval 0 ≤ χ ≤ π/2. At the special point χ = 0 the U(1) symmetry is restored, and at χ = π/2 the SU(2) ⊗ U (1) ) terms in the effective potential for χ are, after solving for s,
where we have definedh
. A little more algebra demonstrates that 19) while the expansion around the true vacuum (the φ-vacuum) at χ = π/2 is easily obtained by the replacements 1 ↔ 3 andm 2 φ ↔m 2 h . In sAMSB we have, under our assumption that the U(1) couplings dominate the β-functions,h In our model, we will see that the gravitinos generated by the first stage of reheating, or by non-thermal production from decaying long-lived scalars [49] , are diluted by a period of thermal inflation. The constraint therefore applies to reheating after thermal inflation.
Thermal inflation in the h-vacuum
In this section we continue with the assumption that the universe exits inflation into the h-vacuum. As the temperature falls, eventually soft terms in the potential become comparable to thermal energy density, and the universe can seek its true ground state, which we established in Section 5 was χ = π/2, the φ-vacuum. This leads to a second period of inflation, akin to the complementary modular inflation model of Ref. [50] . Unlike this model, we will see that reheating temperature is high enough to regenerate an interesting density of gravitinos, and also to allow baryogenesis by leptogenesis. At zero temperature the difference in energy density between the h-vacuum and the φ-vacuum is (see Eqs. 
Defining an effective SUSY-breaking scale taking m sb ∼ 1 TeV. Thus any gravitinos will be diluted to unobservably low densities, as will any baryon number generated prior to thermal inflation. There is another period of reheating as the energy of the modulus X is converted to particles. Around the true vacuum, the X is mostly Higgs, and so its large amplitude oscillations will be quickly converted into the particles of the MSSM in much less than an expansion time, and the vacuum energy will be efficiently converted into thermal energy. With the assumption of complete conversion of vacuum energy into thermal energy, the reheat temperature following thermal inflation will be
This reheating regenerates the gravitinos, and we may again apply the gravitino constraint Eq. (7.39)
We can convert the relic density into a constraint on the gravitino mass, requiring that the LSP density is less than or equal to the observed dark matter abundance,
TeV. (7.40) Hence this class of models requires a high gravitino mass in order to saturate the bound and generate the dark matter. We can be a bit more precise if we use use the phenomenological relations derived in Section 6. Firstly, in order to fit µ h we have from Eq. (6.1)
while we can derive a phenomenological formula for the LSP mass from well below the 95% confidence limit for CMB fluctuations from strings [56, 57] . There are also other bounds on strings depending on uncertain details about their primary decay channel. Pulsar timing provides a strong bound if the long strings lose a significant proportion of energy into loops with sizes above a light year or so (smaller loops radiate at frequencies to which pulsar timing is not very sensitive). In this case recent European Pulsar Timing Array data [58] can be used to place a conservative upper bound of Gµ < 5.3 × 10 −7 [59] for strings with a reconnection probability of close to unity (as is the case in field theory), and loops formed with a typical size of about 10
of the horizon size. Future experiments will place tighter (but still model-dependent) bounds [59, 60] . For example, the Large European Array for Pulsars (LEAP) will be two orders of magnitude more sensitive than EPTA [61] and will be able to detect the gravitational radiation from the loops in this model if they are large enough to radiate into the LEAP sensitivity window. Current string modelling [62] indicates this is likely if loop production is significant.
Strings may also produce high energy particles, whose decays can produce cosmic rays over a very wide spectrum of energies. If f cr is the fraction of the energy density going into cosmic rays, then the diffuse γ-ray background provides a limit [53] Gµ 10 −10 f −1 cr . Given that the strings in our model contain a large Higgs condensate, we would expect that all particles produced by the strings would end up as Standard Model particles or neutralinos. Thus we require that the decays are primarily gravitational in order to avoid the cosmic ray bound.
Baryogenesis
Baryon asymmetry requires baryon number (B) violation, C violation, and CP violation [63] . In common with the standard model, our model has C violation and sphaleroninduced B violation. It can also support CP-violating phases in the neutrino Yukawa couplings. In [7] , it was pointed out that leptogenesis [64] was natural in the model, provided that the reheat temperature is greater than about 10 9 GeV. As we saw in Section 7.5, this is the approximate value of the reheat temperature after thermal inflation, and so we require at least one right-handed neutrino which is sufficiently light to be generated in the reheating process, i.e. with a mass less than around 10 9 GeV. The baryogenesis in our model should therefore be similar to that of Ref. [65] .
In sAMSB, the light scalars are weakly coupled to the Higgs (the stops are both at the TeV scale), and so the electroweak phase transition is a crossover [66] . This means that there is no conventional electroweak baryogenesis (see e.g. Ref. [67] for a recent review).
Conclusions
The sAMSB model, as described here, is in our opinion the most attractive way of resolving the tachyonic slepton problem of anomaly mediated supersymmetry breaking. The low energy spectrum is similar to that of regions of CMSSM or MSUGRA parameter space, but with characteristic features, most notably a wino LSP. We have seen that, while it is possible to obtain a light SM-like Higgs with a mass of 125GeV, this requires fine-tuning and also results in a suppression of the supersymmetric contribution to a µ , so that the current theoretical prediction for a µ in our model is about 3σ below the experimental value. Moreover, to produce a Higgs of over 120 GeV, we need to increase the gravitino mass to over 80 TeV. If the gravitino mass is over 100 TeV we can use wino LSPs derived from gravitino decays to account for all the dark matter.
Assuming that the U(1) introduced to solve the tachyonic slepton problem is broken at a high scale, M , we have seen that sAMSB naturally realises F-term hybrid inflation. The universe may exit the inflationary era into a vacuum dominated by large vevs for the MSSM Higgs fields, h 1,2 , with the true vacuum with unbroken SU(3) ⊗ SU(2) ⊗ U(1) Y (above the electroweak scale) attained only after a later period of approximately 17 e-foldings of thermal inflation.
The thermal inflation reduces the number of e-foldings of high-scale inflation to about 40, and hence the spectral index of scalar CMB fluctuations is reduced to about 0.975, within about 1σ of the WMAP7 value. Cosmic strings are formed at the end of thermal inflation, with a low mass per unit length, satisfying observational bounds provided their main decay channel is gravitational, and the typical size of string loops at formation is about 10 −5 of the horizon size, or so small that they radiate at a frequency below 1 yr −1 , to which pulsar timing is not sensitive. The Large European Array for Pulsars will be two orders of magnitude more sensitive, and be capable of closing the window in the loop size at 10 −5 of the horizon, or detecting the gravitational radiation.
